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Abstract—As an emerging multifunctional material, Gallium 
based room temperature liquid metal has attracted a lot of 
attention for a variety of applications due to its mobility and 
deformability. However, controlling the motion of a liquid metal 
droplet accurately still remains unrevealed, which restricts its 
application in many fields. In this paper we propose a hybrid 
framework that would control the motion of a liquid metal droplet 
in a one-dimensional fluidic channel. A dynamic model of a liquid 
metal droplet immersed in the electrolyte when an electrical field 
is applied to each end of the channel is discussed first, followed by 
a setpoint controller designed to calculate the current input needed 
to drive the liquid metal droplet to its destination with vision 
feedback. To obtain the desired high-resolution current output, a 
fast and high-resolution current output power supply will be 
established by integrating a fast PID controller and a simple 
programmable DC power supply. The effectiveness of this 
proposed approach will be verified by controlling a liquid metal 
droplet so that it reaches its destination inside the PMMA channel. 
This proposed approach may lead to the development of tiny soft 
robots, or micro-fluidic systems that can be driven accurately by 
liquid metal droplets. 
 
Index Terms—Liquid metal droplets, dynamic model, setpoint 
control, surface tension, soft robotics 
 
I. INTRODUCTION 
OOM temperature liquid metal gallium and several of its 
alloys possess many remarkable properties such as high 
electrical and thermal conductivity, large surface tension 
(nearly ten times that of water), extremely low vapor pressure 
(<10-6 Pa at 500 C ), and low toxicity compared with mercury 
[1]. These properties have shown that room temperature liquid 
metals can be used for a wide range of applications such as soft 
and stretchable electronic components [2-5], micro-fluidics 
devices [6-8], small vehicles and robots [9, 10], soft sensors 
[11, 12], tunable antennas and apertures [13, 14], as well as 
fluidic optical components and displays [15, 16]. Moreover, 
liquid metals have great potential for manufacturing the soft 
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robots that are a big dream for mankind. However, controlling 
the surface tension of liquid metals to achieve the desired 
motion and deformation remains an open question that is the 
key to broaden their potential applications.  
Many methods have already been developed to manipulate 
liquid metal droplets, all of which can be categorized as 
follows: electrical field [17, 18], magnetic field [19, 20], 
electrochemical reaction [21, 22], photochemistry [23] and 
ionic imbalance [24]. Among these methods, applying an 
external electrical field in ionic electrolyte to actively 
manipulate the surface tension of liquid metal droplets is the 
most popular because it is very convenient for practical 
purposes. According to Lippman’s equation, the applied 
external electrical field can break the equilibrium of charge 
distribution of the electrical double layer (EDL) around the 
liquid metal-electrolyte interface and generate a surface tension 
gradient along the surface of liquid metal droplets that will 
drive their motion and deformation [17]. Several efforts relating 
to the issue of driving a single liquid metal droplet with an 
electrical field have already been investigated. For example, a 
DC electrical field was applied to induce a liquid metal mercury 
slug to move inside a microfluidics channel [25], and the 
average speed of mercury was estimated theoretically. 
Meanwhile, gallium based liquid metal droplets achieved linear 
and reciprocating motion under a DC and AC electrical field, 
respectively, as reported in [17, 26]. More recently, a low power 
consumption and high efficiency micro-pump was introduced 
by applying an AC electrical field with DC offset to a Galinstan 
(68.5% gallium, 21.5% indium, and 10% tin) droplet confined 
inside a cylindrical chamber embedded in fluidic chips [27]. 
Despite these achievements, accurately controlling the motion 
of a liquid metal droplet still remains unrevealed. 
In this study we have developed a hybrid control framework 
which combines a setpoint controller and a fast PID controller 
to control the motion of a liquid metal droplet in a one-
dimensional channel filled with alkali electrolyte by using a 
simple programmable DC power supply. To achieve this 
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objective, a dynamic model of the liquid metal droplet 
immersed in a fluidic channel filled with alkali electrolyte was 
established by analyzing related forces including the surface 
tension induced driving force, the viscous drag force, and the 
friction force between the liquid metal and the channel. The 
setpoint controller was designed to calculate the desired current 
input to drive the liquid metal droplet to its destination with 
vision feedback. To obtain the desired high-resolution current 
output, a fast and high-resolution current output power supply 
was established by integrating the PID controller and a simple 
programmable DC power supply. Experiments on controlling 
the Galinstan droplets to their destinations inside a PMMA 
fluidic channel demonstrated the effectiveness and the accuracy 
of this proposed method. To the best of our knowledge, this is 
the first investigation into controlling the motion of liquid metal 
droplets in fluidic channels. This proposed method may 
promote the development of new liquid metal enabled robots. 
The rest of this paper is organized as follows. Section II 
introduces the liquid metal manipulation system we established. 
The dynamic model of the liquid metal droplet is given in 
Section III. In Section IV, a setpoint controller is proposed to 
control the liquid metal droplet inside the channel. Experiments 
are performed to validate the proposed method in Section V, 
and the conclusion is presented in Section VI. 
II. THE SYSTEM FOR MANIPULATING LIQUID METAL 
DROPLETS 
To accurately control the motion of liquid metal droplets, the 
driving mechanism must be obtained and the manipulation 
system established. 
A. Preliminary 
When a gallium-based liquid metal droplet makes contact 
with the alkali electrolyte, the gallium inside the Galinstan can 
slowly react with the alkali electrolyte and produces gallates 
( ) −4OHGa  at the liquid metal-electrolyte interface [17]. This 
concentration of gallates ( ) −4OHGa  makes the surface of the 
liquid metal droplet negatively charged and leads to an 
accumulation of positively charged ions in the diffuse layer of 
EDL. By modelling the EDL as an idealized Helmgoltz-Perrin 
model [28], the relationship between the surface tension and the 
potential difference across the EDL can be formulated by 
Lippman’s equation and expressed as follows  
 
( ) ( ) ( )lVlcl p
2
0
2
1
−=                           (1) 
 
where lSl   denotes a single point on the surface of the 
droplet, lS  denotes the whole surface of the droplet, ( )l  
denotes the surface tension of the droplet in the neighborhood 
of point l, ( )lcp  is the capacitance per unit area of the EDL in 
the neighborhood of point l , 0  denotes the maximum surface 
tension when ( ) 0=lV , and ( )lV  is the potential difference 
across the liquid metal-electrolyte interface in the neighborhood 
of point l and can be formulated as follows 
 
( ) ( ) ( )lllV me  −=                                (2) 
 
where ( )le  denotes the electrical potential of the EDL at the 
side of the electrolyte solution, and ( )lm  denotes the electrical 
potential of the EDL at the side of the surface of liquid metal. 
Note that the EDL electrically isolates the liquid metal droplet 
from the electrolyte, so the liquid metal droplet in the 
electrolyte behaves as if it is a nonconductor and the surface of 
the droplet is potential equivalent [25], thus ( )lm  can be 
treated as a constant l , which can be written as ( ) lm l  = . 
The potential is approximately uniform throughout the 
droplet so the ionic distribution in the EDL is also uniform, as 
shown in Fig. 1(a). When an external voltage is applied, there 
will be a potential gradient along the EDL which will help to 
redistribute the ionic in the EDL and thus induce surface charge 
redistribution similar to that shown in Fig. 1(b). The surfaces 
facing the anode accumulate more charges than the surfaces 
facing the cathode. The surface charge redistribution leads to 
the formation of a surface tension gradient at the liquid metal-
electrolyte interface and results in a pressure difference gradient 
at the interface which can be formulated by Young-Laplace's 
equation as follows [29]: 
 
( ) ( )
( ) ( )






+=
lRlR
llP
21
11
                         (3) 
 
where ( )lP  denotes the pressure difference in a small 
neighborhood of point l on the surface of a liquid metal droplet, 
which is normal to the neighborhood and points to the interior 
of the liquid metal droplet [29]. ( )lR1  and ( )lR2  denote the 
two principal curvature radii of the neighborhood of point l 
respectively, as shown in Fig. 1(c). The total pressure difference 
gradient between the surface of the liquid metal and the 
electrolyte can produce a driving force that actuates the 
 
Fig. 1 (a) EDL of a liquid metal droplet with initial charge; (b) Surface charge 
redistribution under external potential field; (c) Principal curvature radii of the 
neighborhood of point l. 
Channel wall
Electrolyte
(a)
(b)
R2(l)
R1(l)
(c)
lφ
eφ (l)
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Fig. 2 (a) The photo of the liquid metal manipulation system; (b) The hybrid control framework of the liquid metal manipulation system. 
 
liquid metal droplet to flow in the direction of low surface 
tension. 
B. System setup 
To control the movement of a liquid metal droplet accurately 
with an external electrical field, we established the 
manipulation system shown in Fig. 2(a). This system has three 
modules for executive, sensory, and control, as shown in Fig. 
2(b). The executive module has a fluidic chip with two open-
top polymethylmethacrylate (PMMA) channels with circular 
and rectangular cross sections. All of these channels were filled 
with NaOH (0.5mol/L) solution as the electrolyte. Liquid metal 
droplets were positioned in the channels and immersed inside 
the NaOH solutions. The volume of liquid metal droplets was 
governed by a numerical injection pump (LSP02-1B, Longer, 
the UK). Graphite electrodes were mounted at two ends of each 
channel to input the external electrical field generated by a 
programmable DC power supply (IT6432, ITECH, USA). The 
sensory modular contains a current measurement module within 
the DC power supply to measure the current input to the control 
circuit and an IEEE 1394 CCD camera (XCD-SX90, Sony, 
Japan) to capture the position of the liquid metal droplets. An 
LED backlight was placed below the channel to provide reliable 
lighting conditions for the vision system. The control module 
used in the liquid metal droplet manipulation system was 
developed with Labview and run in an industrial computer (RK-
610IMB-M42H, ADLINK, China). 
III. DYNAMIC MODEL  
The problem we investigated is formulated as follows: In a 
liquid metal droplet manipulation system, determine a method 
to control the current input i, such that the liquid metal droplet 
can be driven automatically and precisely to any desired 
position qg  in the fluidic channel. Therefore to control the 
motion of a liquid metal droplet we must first derive a dynamic 
model of the droplet.  
A. Dynamics 
When a liquid metal droplet is actuated by an external 
electrical field to move in channel, the main forces that govern 
its motion are the surface tension induced driving force tF , the 
 
Fig. 3 The force analysis of a liquid metal droplet in electrical field. 
 
viscous drag force dragF  caused by the electrolyte, and the 
friction force frictionF  between the liquid metal and the channel, 
as shown in Fig.3. The dynamics of the liquid metal droplet are 
then given by 
 
qmFFF frictiondragt =−−                         (4) 
 
where m denotes the mass of the liquid metal droplet, and q 
denotes its position.  
The viscous drag force dragF  can be expressed as follows 
[30]: 
 
le
le
drag rvF



+
+
=
23
2                           (5) 
 
where r  denotes the radius of the liquid metal droplet, v  is its 
translational speed, e  denotes the viscosity of the electrolyte 
(about 1.4×10−3 sPa   at 20°C) and l  denotes the viscosity 
of the liquid metal (about 2.4×10−3 sPa   at 20°C [7]). 
The friction force frictionF  is formulated as follows 
 
gF diffffriction =                                (6) 
 
where f  denotes the coefficient of friction between the liquid 
metal droplet and the fluidic channel, diff  is the difference in 
density between the droplet and the electrolyte,   represents 
CCD
DC power supply Backlight PMMA channels
CCD
Computer
Backlight
Channels
Computer
DC power supplyAmperemeter
(a) (b)
Motion directionElectrolyte
PMMA Substrate
Liquid Metal 
 Viscous drag force
Friction force frictionF
dragF
tF
Surface tension 
induced driving 
force
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4 
the volume of the droplet, and g  denotes gravitational 
acceleration. 
B. Surface Tension Induced Driving Force 
The surface tension induced driving force tF  of the whole 
liquid metal droplet can then be formulated as follows: 
 
( ) ( )ldsllPF n
Sl
t
l
= 

                           (7) 
 
where ( )ls  denotes the neighborhood area of point l, and nl

 
denotes the normal vector of the neighborhood of point l. 
By substituting (1) and (3) into (7), the surface tension 
induced driving force tF  can be rewritten as  
 
( )
( )
( ) ( )
( )ldsl
lRlR
lV
lc
F n
Sl
p
t
l








+







−= 

21
2
0
11
2
       (8) 
 
Note that the potential difference across the EDL ( )lV  is 
difficult to obtain under different external voltages, which 
makes the exact calculation of the surface tension induced 
driving force tF  difficult. In the following development, we 
will address this challenge and obtain the surface tension 
induced driving force tF . 
Firstly, the charges of EDL Q  can be formulated as follows 
 
( ) ( ) ( )ldclVldQQ
ll SlSl
==                   (9) 
 
where ( )lQ  denotes the charge distribution function of the 
EDL in the neighborhood of point l; ( ) ( )lkslc = is the 
capacitance of the EDL in the neighborhood of point l, 
0
0
d
k

=  
is a capacitance related parameter, where   denotes the 
relative permittivity, 0  is the vacuum permittivity, and 0d  is 
the thickness of the EDL. 
The electrical potential of the EDL at the electrolyte side is 
potential equivalent and the charges of the EDL are uniformly 
distributed along the surface of liquid metal droplet with no 
externally applied electrical field. The total charges of the EDL 
termed initial charges of EDL 0Q  is formulated as follows 
 
000 CVQ =                                    (10) 
 
where 0V  denotes the potential difference across the EDL with 
no external applied electrical field, 0C  denotes the total 
capacitance of the EDL with no externally applied electrical 
field. 
Assumption 1: The total charges and capacitance of the EDL 
are conserved under external electrical fields, i.e. 0QQ   and 
( ) lSl
ldcC0 . 
Based on Assumption 1, the following Theorem 1 can be 
obtained. 
Theorem 1: When an external potential is applied there is 
always at least a point ( ) ( ) llll epep  ==  on the surface of 
the liquid metal, which makes ( ) 0VlV p = , where ( )le  denotes 
the mean value of ( )le . 
Proof: See Appendix A. 
Remark 1: Theorem 1 bridges the gap between the potential 
difference of the EDL ( )lV  and the electrical potential of the 
EDL at the electrolyte side ( )le  , which is easy to model and 
calculate. That is the key to modeling and calculating the 
surface tension induced driving force tF . 
Based on Theorem 1, (2) can be written as: 
 
( ) ( ) ( ) ( )( ) ( ) ( )( ) 00 VllVllllV eepeele +−=−−=−=     
   (11) 
 
Fig. 4 Appearance of the liquid metal droplet. 
 
We then calculated the surface tension induced driving force 
tF  for a liquid metal droplet moving in a one dimensional 
channel. This process includes two steps as follows:  
Step 1: Find pl : a liquid metal droplet looks like a worm 
when it moves in a straight channel, as shown in Fig.4. The 
middle is a cylinder and each end has irregular surfaces which 
are symmetrical in the direction of the channel. A local 
coordinate is fixed in the geometric center of the liquid metal 
droplet, where o  denotes the origin, x  denotes the axis along 
the channel, and y  and z  denote the other two coordinate 
axes. Due to the highly symmetrical geometrical shape of the 
liquid metal droplet,  lyozp SSll  , where yozS  is a plane 
passing the y and z axis and perpendicular to x-axis, as shown 
in Fig. 4. In a one dimensional channel, only the forces along 
the channel are considered, so for any point lSl  , we have  
 
( ) ( ) ( ) ( ) ( )lIllIll epee +=+=                 (12) 
where the straight line passing the two points pl  and l  is 
parallel to the x -axis, I denotes the current of the electrolyte, 
( )l  denotes the resistance distribution function along the x -
axis from pl  to l , which can be evaluated by the thin layer of 
y
z
 pl
 yozS
 1S
 2S
 3S
 1xtF 3xtF
 2tF
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electrolyte between the liquid metal droplet and channel wall. 
Due to the highly symmetrical geometrical shape of the liquid 
metal droplet, ( )l  is an odd function with respect to plane
yozS . 
Step 2: Calculate tF : following Step 1, using (11) and (12), 
(8) can be simplified as  
 
( ) ( )( )
( ) ( )
( )ldsl
lRlR
VlIlc
F n
Sl
p
t
l








+







 +
−= 

21
2
0
0
11
2
     (
13) 
 
C. Calculation of the Driving Force 
In our experiment the appearance of the liquid metal droplet 
in the channel is shown in Fig. 4. We assumed that the anode is 
in the direction of the x+ -axis and the cathode is in the 
direction of the x- -axis. We also assumed ( ) clc p = ( lSl  ), 
where c is the capacitance per unit area of the EDL. Since )(le  
is the same on the plane which is perpendicular to the x -axis 
and parallel to yozS , ( )l  is a function only related to the x-
axis, so it can be expressed as ( ) ( )xll = , where xl  is the x 
position of the point l. We divided the liquid metal droplet into 
three surfaces to calculate the driving force caused by the 
pressure difference across the EDL respectively; they are the 
right surface ( )zyxSS ,,1 = , the cylindrical surface 2S  and the 
left surface ( )zyxSS ,,-3 = , where ( )zyxS ,,  is a function of 
the surface 1S .The driving force induced by 1S , 2S and 3S  are 
1tF , 2tF  and 3tF  respectively. The direction of 2tF  is 
perpendicular to the channel, so 2tF  does not contribute to the 
movement. We only need to consider the driving force along 
the channel, that is, 1xtF  and 3xtF , where 1xtF  and 3xtF  denote 
the component of the driving force 1tF  and 3tF  on the x-axis, 
respectively. Using (13), the driving force tF  can be obtained 
as  
 
( )
( ) ( )
( )










+=
zyxSl
xt dydz
lRlR
lIqF
,, 21
0
11
2            (14) 
 
where 0q  is the total charges per unit area of the EDL (the 
typical value of 0q  is 0.05C/m
2 [27]). The calculation process 
can be seen in Appendix B. 
IV. CONTROL DESIGN  
A setpoint controller was used to control the motion of a 
liquid metal droplet as inspired by [31, 32]. The dynamics of 
the liquid metal droplet are given by: 
 
iIKKqKqm ==++ 132                         (15) 
 
where ( )
( ) ( )
( )










+=
zyxSl
x dydz
lRlR
lqK
,,
21
01
11
2 , 
le
lerK



+
+
=
23
22 , gK difff =3 , which are all positive 
constants. 
 A setpoint controller used to drive a liquid metal droplet to 
the desired position in a straight channel was formulated as 
follows: 
 
( )( ) 3tanh KqKgqKKi qqrp +−−−=                 (16) 
 
where pK  and rK  are the positive control gains, qK  is the 
control gain which satisfies the condition of 2KKq − . The 
hyperbolic tangent function was used to bound the term 
( )qrp gqKK −  within a certain range ( )pp KK ,-  and avoid 
generating a large control input i in case the liquid metal droplet 
is located a long way from the desired qg . When the input 
current is too large, serious electrolysis may appear at the 
interface between the electrode and the electrolyte. Gas bubbles 
generated in the electrolysis reaction may escape into the 
electrolyte solution and hamper the motion of liquid metal. We 
also noticed some slight electrolysis at the interface between the 
surface of the liquid metal droplet and the electrolyte when a 
large current was applied; this also had minor effects on the 
motion of liquid metal [33]. By substituting the controller (16) 
into the dynamics (15), the closed-loop dynamics is as  
 
( ) ( )( ) 0tanh2 =−+++ qrpq gqKKqKKqm         (17) 
 
Theorem 2: The liquid metal manipulation system (4) is 
globally asymptotically stable under the controller (16). 
Proof: Consider a Lyapunov function 0V  as follows 
 
( )( )( )qr
r
p
gqK
K
K
qmV −+= coshln
2
1 2         (18) 
 
Taking the derivation of V  with respect to time yields 
 
( )( )qgqKKqqmV qrp  −+= tanh               (19) 
 
By substituting (17) into (19), and considering the condition 
where 2KKq − , we have 
 
( ) 022 +−= qKKV q                           (20) 
 
The final calculation shows that the liquid metal 
manipulation system (4) is globally asymptotically stable under 
the controller (16). 
■ 
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Theorem 3: Considering the liquid metal manipulation system 
(4), the proposed setpoint controller (16) gives rise to the 
convergence of qq g→  and 0→q . 
Proof: Since 0=V  implies 0=q  as →t , the maximum 
invariant set is ( )( ) 0tanh =− qrp gqKK . Hence, qgq =  and 
0=q .                                                                                         
■ 
 
V. EXPERIMENTS 
This section describes the experimental setup and the results 
based on the proposed controller. 
A. Experimental Setup 
In the experiment, the middle part of the liquid metal is a 
cylinder and the ends are hemispheres. The length of the 
cylinder is L  and the radii of the two hemispheres are R , 
which means ( ) ( ) RlRlR == 21 . ( )l  is a linear function along 
the x-axis, which can be expressed as ( ) x
L l
RL
R
l
2+
= , where 
LR  is the total resistance of the thin layer of electrolyte 
between the liquid metal droplet and the channel wall. ( )zyxS ,,
 
can be expressed as: 
 
( ) 





=++





−=
22
,, 222
2
L
xRzy
L
xzyxS       (21)
 
 
So K1 can be calculated as: 
 
RL
RL
RRqK L
2
3
4
2 01
+
+
=                             (22) 
 
In the experiment the volume of the liquid metal droplet was 
0.1 ml and its shape in the channel was calibrated dynamically 
by the CCD camera with 1280×960 pixels. Each pixel was 
calibrated as 0.25mm. For a liquid metal droplet of 0.1 ml, its 
radius was almost 0.003 m. From the definition in (15), we 
obtain that K2=0.045 and K3=0.0001. The configurations of the 
open-top PMMA channels used in the experiment are listed in 
Table 1. The cross sections of the channels are shown in Fig. 5. 
The height of the solution must enable the solution to cover the 
liquid metal. 
The liquid metal droplet is very sensitive to the circuit current 
due to its very high surface tension, so a small current drift of 2 
mA in the circuit was enough to induce a 0.1 ml static liquid 
metal droplet to move. The accuracy of the current output 
module of the DC power supply was more than 2mA and could 
not provide enough current accuracy so we proposed a current 
output strategy that would impart a high resolution current 
output to the circuit, as shown in Fig. 6. The voltage output 
module of the DC power supply with an accuracy of 5 mV was 
used for the output voltages to the two electrodes. The current 
measurement module of the DC power supply with 
measurement accuracy of 5uA was used to measure the current 
input to the control circuit and also take any feedback to a PID 
controller formulated as follows: 
 
( ) ( )1212 −−− −++−+= kkpkkkdki eekeeekekU     (23) 
 
where 21,, −− kkk eee  are the current errors of the latest three 
measurements; U denotes the output voltage error; 215=ik , 
03=dk , and 9.56=pk  
are three control gains respectively. 
Thanks to the above strategy, the current output accuracy of 
the augmented power supply was less than 0.1mA, the current 
output resolution reached 0.01mA, and the response time was 
less than 200ms. 
B. Results of the Experiments  
In the experiment the liquid metal droplets were driven from 
pre-set initial positions to different destinations and travelled 
different distances in channels with circular and rectangular 
cross sections to evaluate the performance of the proposed 
control method. We repeated the experiments more than 200 
times and the droplet arrived at its destination successfully 
every time.  
Figure 7 shows the manipulation process taken from a video. 
The manipulation task shown in the five figures on the left (a)-
(e) took place in a circular channel while the five figures on the 
right (f)-(j) took place in a rectangular channel. The liquid metal 
is shown as a disc and its destination is denoted by a  
 
Fig. 5 Channels used in the experiments. 
 
Table1 The configuration of the channels used in the experiments. 
Index 
Cross 
section 
Width 
(mm) 
Depth 
(mm) 
Length 
(mm) 
1 circular 8 8 150 
2 rectangular 8 8 150 
 
 
Fig. 6 Schematic diagram of the high resolution current output strategy. 
 
d
ep
th
length
Graphite 
electrode
width
d
ep
th
width
PID
Controller
DC Power 
Supply
U
Current Measurement 
Module
I
Id LM  Manipulation 
System
IU1 2, ,k k ke e e− −
> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 
 
7 
 
Fig. 7 Liquid metal droplet manipulation process. (a)-(e) Circular channel. (f)-
(j) Rectangular channel. 
 
 
Fig. 8 The control performance comparison when travelling short distance. 
 
 
Fig. 9 The control performance comparison when travelling long distance. 
 
 
Fig. 10 The control performance comparison of droplets with different radii 
when travelling in circular channel. 
 
small circle. Fig. 7(a) and Fig. 7(f) show the initial 
configuration, whereas Figs. 7(b)-(d) and Figs. 7(g)-(i) show 
the manipulation process at different time. Fig. 7(e) and Fig. 7(j) 
show that the liquid metal droplet successfully arrived at its 
destination. The supplementary movie can be seen in Movie S1 
(circular channel) and S2 (rectangular channel). 
The control performance was compared by driving liquid 
metal droplets travelling long (65mm) and short distances 
(23mm) in different channels under the proposed control 
methods shown in Fig. 8 and Fig. 9, respectively. In each figure, 
we randomly selected 6 results from two channels for further 
comparison. The curves with a red dashed line denote the 
results in circular channels and the curves with solid blue line 
denote the results from rectangular channels. Note that the 
position errors, the velocities and accelerations all converge to 
zero in every experiment, which implies that all the liquid 
metals were successfully driven to their destinations. The 
average position errors for travelling short distances and long 
distances in a circular channel are 0.026cm and 0.055cm, and 
0.037cm and 0,060cm for travelling short distances and long 
distances in a rectangular channel. The proposed control 
method was valid for different types of channels. Furthermore, 
the speed at which the liquid metals converged in the circular 
channel was slightly faster than in the rectangular channel, and 
less power was consumed in the circular channel. This result 
was due to the thin layer of electrolyte between the liquid metal 
and the circular channel was even narrow that of the rectangular 
channel, which made it easier for the liquid metal droplet to 
obtain a larger surface tension induced driving force according 
to (14). Finally, the maximal velocity of the liquid metal 
reached 7.5 cm/s (almost 12.5 its body length per second), and 
the total power consumption was less than 200mW. This result 
implies that the proposed control method has a high driving 
efficiency. 
In our experiments the size of the liquid metal had almost no 
effect on the control performance. We can control millimeter-
scale liquid metal with variable sizes (See Movie S3) and the 
final position errors are almost the same for different sizes, as 
shown in Fig. 10. In our experiments the smallest radius of the 
liquid metal droplet that can be driven was 500 microns. 
 
VI. CONCLUSION  
This paper proposed a hybrid control framework that would 
drive a liquid metal droplet to a desired position in a one 
dimensional fluidic channel. To achieve this objective, the 
dynamic model of a liquid metal droplet immersed in fluidic 
channels with an external electrical field was investigated. A 
setpoint controller was then designed to drive the liquid metal 
droplet to its destination with the help of vision feedback and a 
high-resolution current generator achieved by integrating a high 
resolution current output strategy into a simple programmable 
DC power supply. Furthermore, serial experiments were carried 
out to demonstrate the effectiveness of the proposed control 
method. This controller can be utilized in many pragmatic fields 
such as microfluidics, miniaturized vehicles, flexible micro-
robots, and so on. We believe that this study could advance the 
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development of smart, biomimetic and soft robots in the coming 
future. 
 
APPENDIX 
A. Proof of Theorem 1 
When an external potential is applied, the charges of the EDL 
may be redistributed. Charges at the surface facing the cathode 
are attracted to the surface facing the anode. Since ( )lQ  is 
continuous and ( ) ( ) ( )lclVlQ = , the potential difference 
function ( )lV  is also continuous. Based on assumption 1, if the 
total charges 0Q  are conserved and ( )lV  is continuous, we 
have 
 
NlVVlVM == )(max)(min 0               (24) 
 
where M and N are constants. According to the intermediate 
value theorem [34], there may exist at least a point lp Sl   that 
makes 0)( VlV p = . 
Based on Assumption 1, the total charges and capacitance of 
the EDL are conserved. Thus, we have  
 
( ) ( ) 000 CVlcdlVQ
lSl
==                                 (25) 
 
Furthermore,  
 
( ) ( )
( )( ) ( )
( ) ( ) ( )
( ) ( ) l
Sl
e
Sl
l
Sl
e
Sl
le
Sl
lcdl
C
lcd
C
lcdl
C
lcdl
C
lcdlV
C
V
l
ll
l
l



−=
−=
−=
=








0
00
0
0
0
1
11
1
1
         (26) 
 
According to the mean value theorem for double integrals 
[35], define ( ) ( ) ( )lcdl
C
l
lSl
ee =  0
1
, (26) can be rewritten as  
 
( ) le lV  −=0                                   (27) 
 
Based on the aforementioned proof, there may exist at least 
a point lp Sl   that makes 0)( VlV p = , so we also have 
 
( ) ( ) ( ) lelpep llVlV  −=−== 0              (28) 
 
It is finally concluded that ( ) ( )ll epe  = .                                
 ■ 
B. Calculation of the Driving Force 
Using (13), 1xtF  and 3xtF  can be expressed as: 
 
( )( )
( ) ( )
( ) ( )
( )
( )( )
( ) ( )
( )
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

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
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





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




+−=
zyxSl
x
zyxSl
nxt
dydz
lRlR
VlI
c
ldsxl
lRlR
VlI
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F
,,
21
2
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,,
21
2
001x
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2
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(29) 
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(30) 
 
where ( )xln ,

 is the angle between nl

 and x-axis. Since ( )l  is 
an odd function with respect to the plane yozS , we have 
( ) ( )xx ll −= − , and the driving force tF  can be obtained as 
 
( )
( ) ( )
( )










+=
+=
zyxSl
x
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Since 00 cVq =  
[36] , (31) can be expressed as: 
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